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We report an experimental and theoretical study of the radial elasticity of tobacco mosaic virus 共TMV兲
nanotubes. An atomic force microscope tip is used to apply small radial indentations to deform TMV nanotubes. The initial elastic response of TMV nanotubes can be described by finite-element analysis in 5 nm
indentation depths and Hertz theory in 1.5 nm indentation depths. The derived radial Young’s modulus of TMV
nanotubes is 0.92⫾ 0.15 GPa from finite-element analysis and 1.0⫾ 0.2 GPa from the Hertz model, which are
comparable with the reported axial Young’s modulus of 1.1 GPa 关Falvo et al., Biophys. J. 72, 1396 共1997兲兴.
DOI: 10.1103/PhysRevE.78.031914

PACS number共s兲: 87.15.La, 87.15.A⫺, 87.64.Dz

I. INTRODUCTION

Tobacco mosaic virus 共TMV兲 is a hollow tubular structure
formed by the self-assembly of 2130 identical protein subunits 共molecular weight 17.5 kDa兲 in a right-handed helical
motif around a single-strand genomic RNA which forms a
hairpin loop structure 关1兴. It has a length of ⬃300 nm and an
outer diameter of 18 nm. The diameter of its cavity is 4 nm.
The structure of TMV nanotubes has been characterized at
atomic resolution by x-ray fiber diffraction 关2兴 and cryoelectron microscopy 关3,4兴. Recently, there has been great interest
in using TMV nanotubes with charged amino-acid surfaces
as a template for synthesizing bioinorganic nanostructures
for electronic 关5–12兴 and optical 关13,14兴 applications. For the
templated-direction metallization reactions, the rigidity of
TMV nanotubes determines whether they can be used as a
template. The use of TMV nanotubes as a template in some
cases requires them to be repositioned and aligned into a
desired conformation 关15–17兴. Therefore, an understanding
of the radial elasticity of TMV nanotubes is important in
developing their applications in the templated synthesis of
bioinorganic nanostructures.
Recently, the atomic force microscope 共AFM兲 is emerging
as a powerful tool in studying nanomechanics of viral nanoparticles because it combines high sensitivity in applying and
measuring forces and high precision in positioning a tip relative to viral nanoparticles with the ability to operate in physiological environments 关18–23兴. The measurement of elastic
response to the indentation of viral nanoparticles allows us to
obtain quantitative values of their elastic modulus. Although
the bending rigidity of TMV nanotubes has been previously
studied, there is controversy surrounding the reported values
of the axial Young’s modulus. For example, Falvo et al. 关24兴
bent individual TMV nanotubes absorbed on graphite substrates with an AFM tip through a nanomanipulator system
under ambient conditions. By using a mechanical model that
takes into account the lateral force applied by the scanning
AFM tip and the frictional force by the graphite substrate,
they estimated the axial Young’s modulus of TMV nanotubes
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to be ⬃1.1 GPa. Schmatulla et al. 关25兴 reportedly used an
AFM tip to apply a point force to bend a TMV nanotube that
was assumed to be suspended from a mica substrate at one
end by crossing another TMV nanotube. The axial Young’s
modulus of TMV nanotubes estimated by this bending
method is ⬃5 GPa. The large difference in the reported values of the axial Young’s modulus might be a result of the
wrong assumptions made in these bending measurements.
Furthermore, the elastic properties of TMV nanotubes should
be associated with not only the properties of individual protein subunits, but also the interactions between them. For a
helical arrangement of protein subunits, the flexural rigidity
of TMV nanotubes is expected to be dominated by the protein subunit interactions between successive turns, whereas
radial indentation experiments should be sensitive to the interactions of protein subunits along the helical turns. The
measurements of axial and radial Young’s moduli of TMV
nanotubes might shine light on the interactions of protein
subunits. A detailed understanding of the radial mechanical
properties of TMV nanotubes is also critical for evaluating
their suitability for the templated-direction metallization reactions. Here, we study the radial elasticity of TMV nanotubes by local AFM indentations coupled with finite-element
analysis and Hertz theory. The radial Young’s moduli of the
TMV nanotubes derived from both models are comparable,
and also in good agreement with the axial Young’s modulus
reported by Falvo et al. 关25兴.
II. EXPERIMENTAL METHODS

Tobacco mosaic virus 共common strain, ATCC catalog no.
PV-135P兲 was dissolved in 10 mM sodium phosphate buffer
at pH 7.0. A drop 共100 l兲 of the TMV solution was placed
onto freshly cleaved mica and then left to absorb on the
substrate for 30 min in air at room temperature. Finally, a
drop 共100 l兲 of buffer was added on the sample to ensure
complete immersion of the cantilever in an opened liquid
cell. An atomic force microscope 共Dimension 3100, Digital
Instruments兲 with an opened loop scanner and software version 6.12r1 was used to image TMV nanotubes adsorbed on
mica and study their mechanical properties in contact mode.
Silicon nitride cantilever tips 共Nanosensors兲 with a curvature

031914-1

©2008 The American Physical Society

PHYSICAL REVIEW E 78, 031914 共2008兲

ZHAO, GE, AND FANG

FIG. 1. 共Color online兲 AFM images of TMV nanotubes 共a兲 before and 共b兲 after indentation. The high profile across a nanotube is
inset in 共a兲. The white arrow shown in 共b兲 indicates the collapse of
the nanotube after indentation.

radius of about 15 nm according to the manufacturer were
employed. The spring constants of silicon nitride cantilevers
were determined by measuring their thermal fluctuations 关26兴
to be ⬃0.051 N / m. AFM images were obtained in contact
mode at a scanning rate of 0.5 Hz and a 512⫻ 512 pixel size.
To avoid the tip slipping off the top surface of the TMV
nanotube during indentation, low scan rates from
0.297 to 0.197 Hz, which correspond to forward velocities
from 297 to 197 nm/ s, were used. Force–Z piezo distance
共FZ兲 curves were recorded as the AFM cantilever approached
the TMV nanotubes.
During the finite-element simulation, the TMV nanotubes
were modeled as hollow tubes made of homogeneous materials, sitting on a flat rigid surface and loaded by a rigid
spherical indenter with radius of 15 nm, similar to the size of
the AFM tips used in our indentation experiments. The thickness:radius:length ratio 共t : r : l兲 of the modeled TMV nanotube is 7:9:48. Considering the axial symmetry of the indentation contact, the model was reduced to one quarter by using
the two mirror symmetry planes intersecting at the loading
point, one parallel and one perpendicular to the tube axis.
This quarter was meshed into 3000–4500 three-dimensional
brick elements and subjected to the symmetrical boundary
conditions. The postprocessing was done with the software
ABAQUS 6.6. Loading was simulated by prescribing a downward movement of the rigid spherical indenter, which is calculated in 100 increments. The AFM tip–TMV tube and the
TMV tube–rigid substrate contacts are modeled as frictionless.
III. RESULTS AND DISCUSSION

Figure 1共a兲 shows an AFM image of TMV nanotubes adsorbed on mica. The image was taken in contact mode in
10 mM sodium phosphate buffer solution at pH 7.0. The
force employed for the scan was ⬃1.4 nN. The length of the
TMV nanotubes is ⬃250 nm. Their apparent widths in the
AFM image are broadened by the finite size of the AFM tips.
The high profile shows that the TMV nanotube has a cylindrical shape with a height of 17.2 nm 共see inset兲, very close
to the diameter 共18 nm兲 of TMV nanotubes measured by
transmission electron microscopy 关3兴, suggesting that the
TMV tube is not compressed at the force employed for scanning or grossly distorted by the adsorption during the sample

FIG. 2. Force–Z piezo distance 共FZ兲 curve 共gray兲 taken on a
TMV nanotube, together with the FZ curve 共black兲 on a glass substrate. Both FZ curves were performed under AFM contact mode in
a liquid cell with the same AFM tip.

preparation. The distortion or removal of TMV nanotubes
from mica by the AFM tip was observed when the force
employed for scanning was above 4 nN. In our experiments,
all AFM images of TMV tubes were taken at a force below
4 nN. Due to the thermal drift, exact control of the indentation position is difficult. To precisely position an AFM tip on
the top of a TMV nanotube, we first located it by lowering
the scanning speed to 0.3 m / s and gradually reducing the
scan size to 5 ⫻ 5 nm2. Since the AFM cantilever is at an
angle relative to the sample surface, a lateral tip motion during indentation measurements can take place. The X-rotate
parameter of software version 6.12r1 is designed to prevent
the cantilever from plowing the surface along the X direction
by compensating the lateral tip motion, while it indents the
sample surface in the Z direction. In our experiments, the
X-rotate parameter was set to be 22° to ensure vertical indentations, and therefore further prevent the lateral friction
force. After the indentation, the TMV nanotubes were reimaged by AFM to ensure that the indentation was preformed
on the tube. As can be seen in Fig. 1共b兲, the indented TMV
nanotube is collapsed.
Figure 2 shows a typical force–Z piezo distance curve
taken on a collapsing TMV nanotube at a velocity of
197 nm/ s with a maximum force of 12 nN, together with the
corresponding FZ curve on a mica substrate taken with the
same cantilever tip. Both FZ curves were shifted along the Z
piezo distance axis to set the tip-sample contact at the same
point. The mica substrate can be considered as an infinitely
stiff material, compared to the AFM cantilever. So the linear
FZ curve taken on the mica substrate can be used as a reference. The horizontal distance 共⌬Z兲 between the forward FZ
curves at a given force represents the actual indentation
depth of the TMV tube by the AFM tip. As can be seen from
Fig. 2, the forward FZ curve on the TMV nanotube is linear
up to a force of ⬃4.4 nN, corresponding to an actual indentation depth of ⬃5 nm, i.e., ⬃27% of the original TMV diameter. At this point there is a sudden change in the slope,
suggesting the collapse of the TMV nanotube under the indentation. The collapsed TMV nanotube shows a nonlinear
response as the force increases. Above 8 nN, the slope of the
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FZ curve collected on the collapsed TMV nanotube reaches
that on the mica substrate, meaning that the substrate effect
became dominant. After collapsing, the FZ curve on the
TMV nanotube cannot be retraced when the tip is withdrawn
from its surface. In subsequent indentations the initial linear
response in the FZ curve disappeared. However, if multiple
indentations are carried out within the linear response regime
of a TMV nanotube, the FZ curve is reversible with a very
small hysteresis.
An effective spring constant of 0.34⫾ 0.03 N / m was
measured from the slopes of the FZ curves in their linear
elastic regime, which were collected on 22 collapsing TMV
nanotubes with five AFM tips from the same manufacturer.
The relatively large standard deviation likely involves the
deviation of the indentation positions away from the centers
of the TMV nanotubes, the variation of the spring constants
of the cantilevers, and the shape changes of TMV nanotubes.
The effective sprint constant 共keff兲 comprises the spring constants of the TMV nanotubes 共KTMV兲 and the cantilevers
共Kcan兲. If the indentation system is modeled as two springs
arranged in a series, the point spring constant 共stiffness兲 of
TMV nanotubes can be calculated according to Hooke’s law:
kTMV =

kcankeff
.
kcan − keff

共1兲

Using Eq. 共1兲, we calculate that the point spring constant
共stiffness兲 of TMV nanotubes is 0.80⫾ 0.13 N / m.
The wall thickness:radius ratio 共t : r兲 of TMV nanotubes is
0.78, which is far away from the thin-shell range of 0.002.
Therefore, we used finite-element analysis to calculate the
Young’s modulus of the TMV nanotubes. During the simulation, TMV nanotubes were modeled as a thick-walled cylinder with an outer radius of 9 nm and an inner radius of
2 nm sitting on a flat rigid surface and loaded by a spherical
rigid indenter with a radius of 15 nm similar to the diameter
of the AFM tip used in our experiments. The finite-element
model allows us to follow the deformation of TMV nanotubes as they are indented and determine the local stress in
the tube walls. Figure 3 shows a sequence of deformed
shapes of a modeled TMV nanotube, color coded by von
Mises stress at several intervals during the indentation process. The deformation zone on the tube surface is approximately the same as the contact area of the indenter. At the
beginning of the indentation the von Mises stress is built up
around the contact point in the upper region of the TMV
nanotube 关Fig. 3共a兲兴 and then spreads along the radial direction 关Fig. 3共b兲兴. The magnitude of the stress decreases
through the tube wall away from the contact region. The
stress then starts to develop in the lower region of the nanotube which is in contact with the mica substrate 关Fig. 3共c兲兴.
As the indentation continues, the tube wall of the upper region is severely deformed and the hollow core of the nanotube is squeezed 关Fig. 3共d兲兴. At 5 nm indentation, the upper
region of the tube wall buckles away from the AFM tip,
leading to the opening of a small gap between the AFM tip
and the tube 关Fig. 3共e兲兴. Because of the buckling of the tube,
the maximum stress appears at the inner surface. During the
simulation process, we varied the Young’s modulus until the
simulated force-indentation 共FI兲 curve is best fitted with the

FIG. 3. 共Color online兲 Simulated deformation of a nanotube
with an outer radius of 9 nm and an inner radius of 2 nm at indentations of 共a兲 0.65, 共b兲 1.45, 共c兲 1.50, 共d兲 3.95, and 共e兲 5.00 nm,
respectively. The von Mises stress is indicated by color contours 共f兲.

experimental data collected from 22 collapsing TMV nanotubes 共Fig. 4兲. The best fitting gives a Young’s modulus of
0.92⫾ 0.15 GPa.
In addition, we note that the FI curve derived from the
finite-element model is nonlinear at small indentation depths
共⬍1.5 nm兲 共Fig. 4兲. Beyond this initial small indentation region, the simulated FI curve becomes linear. As can be seen
from Figs. 3共a兲 and 3共b兲, at the small initial indentations the
von Mises stress is concentrated in the upper region of the
tube wall and decays through the tube wall away from the
contact region. It is likely that the local compression of the
tube wall, rather than the deformation of the TMV hollow
core, is dominant at the initial small indentations. Thus a
nonlinear dependence of the force on the indentation depth is
expected. When the force is above 1.5 nN, a deformation of
the hollow core is involved, resulting in the linear dependence of the force on the indentation depth. We applied the
Hertz model to the initial nonlinear deformation by considering the contact between the AFM tip and the TMV nanotube as a contact between a rigid sphere and an isotropic
cylinder. The relationship between the spring constant of
TMV nanotubes and their Young’s modulus can be described
as follows 关27兴:

FIG. 4. Experimental data 共circular dots兲 of force vs indentation
for TMV nanotubes within 5 nm indentation. Young’s modulus was
calculated from the best fitting of simulated force-indentation data
共square dots兲 with finite-element analysis.
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ktube = ␤

冢冉

RF

2
2
1 − vtube
3 1 − vtip
+
4 Etip
Etube

冊冣

1/3

,

共2兲

where 1 / R = 1 / Rtip + 共1 / 2Rtube兲tip,tube and Etip,tube are the
Poisson ratio and radial Young’s modulus of the AFM tip and
the TMV nanotube. ␤ is a coefficient that takes the geometrical aspect of the contact area into account and can be expressed as ␤ = 共 / 2k兲2/3E共冑1 − k2兲1/3 / K共冑1 − k2兲, where k is a
parameter taking into account the elliptic shape of the contact determined by solving the expression: 1 + Rtip / Rtube
= 共1 / k2兲关E共冑1 − k2兲 − K共冑1 − k2兲兴 / 关K共冑1 − k2兲 − E共冑1 − k2兲兴,
where E共k兲 and K共k兲 are the complete intergral of elliptic E
and elliptic K defined by E共k兲 = 兰0/2冑1 − k2 sin2 d and
K共k兲 = 兰0/2d / 冑1 − k2 sin2 .
The relation of the loading force 共F兲 and the corresponding indentation depth 共⌬Z兲 is given by Hooke’s law:
F = Ktube⌬Z.

共3兲

By substituting Eq. 共3兲 into Eq. 共2兲, we get
F=

冢冉

R

2
2
1 − vtube
3 1 − vtip
+
4 Etip
Etube

冊冣

1/2

共␤⌬Z兲3/2 .

共4兲

FIG. 5. Experimental data 共circular dots兲 of force vs indentation
for TMV nanotubes in 1.5 nm indentation. The solid lines represent
the fits of the experimental data with the Hertz model. The Young’s
modulus from these optimized fitting results is 1.2, 0.9, and
0.8 GPa, respectively.

Compared to other biological tubule structures, we find
that the Young’s modulus of TMV nanotubes is close to that
of lipid tubules 共0.7– 1.0 GPa兲 关22,29兴 and protein microtubules 共0.8 GPa兲 关30兴. But they are stiffer than
␣-lactalbumine protein tubes, which have a Young’s modulus
of 0.1 GPa 关31兴, and softer than diphenylalanine peptide
nanotubes with a Young’s modulus of 19 GPa 关32兴. Compared to other virus particles with spherical shapes, the
Young’s modulus of TMV nanotubes is close to that of plant
cowpea chlorotic mottle 共0.9 GPa兲 关19兴, but smaller than that
of bacteriophage 29 共1.8 GPa兲 关18兴.

The Poisson ratio and Young’s modulus of the silicon nitride
tip are tip = 0.27 and Etip = 155 GPa 关28兴. The Poisson ratio
of the TMV nanotube is taken as tube = 0.48, a mean value of
common biomaterials. Thus, in Eq. 共4兲, the Young’s modulus
of TMV nanotubes 共Etube兲 is the only fitting parameter. Figure 5 shows the fitting curves for the first 1.5 nm indentation
data. The fitting gives a radial Young’s modulus of TMV
nanotubes of 1.0⫾ 0.2 GPa, which is comparable with that
calculated from finite-element analysis.
The radial Young’s modulus of TMV nanotubes calculated from both models is very close to the axial Young’s
modulus measured by the bending experiment 关24兴. The intersubunit electrostatic interactions between successive helical turns and along the helical turns are expected to dominate
the axial bending and the radial deformation of TMV nanotubes, respectively. The consistency between the measured
radial and axial Young’s moduli may suggest that the interactions of protein subunits are isotropic in TMV nanotubes.
Our results may also suggest that the RNA with a hairpin
loop located at a radius of ⬃6 nm does not produce a profound impact in the Young’s modulus of TMV nanotubes.

The radial elastic properties of TMV nanotubes have been
studied by applying small indentations onto them with AFM
tips. We find that the initial elastic response of TMV nanotubes to small radial indentations can be described by finiteelement analysis in 5 nm indentation depth and Hertz theory
in 1.5 nm indentation depth. The derived radial Young’s
modulus of TMV nanotubes is 0.92⫾ 0.15 GPa from finiteelement analysis and 1.0⫾ 0.2 GPa from the Hertz model,
respectively.
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